Abstract Troponin T (TnT) is known to mediate the interaction between Tn complex and tropomyosin (Tm), which is essential for calcium-activated striated muscle contraction. This regulatory function takes place in the myoplasm, where TnT binds Tm. However, recent findings of troponin I and Tm nuclear translocation in Drosophila and mammalian cells imply other roles for the Tn-Tm complex. We hypothesized that TnT plays a nonclassical role through nuclear translocation. Immunoblotting with different antibodies targeting the NH2-or COOH-terminal region uncovered a pool of fast skeletal muscle TnT3 localized in the nuclear fraction of mouse skeletal muscle as either an intact or fragmented protein. Construction of TnT3-DsRed fusion proteins led to the further observation that TnT3 fragments are closely related to nucleolus and RNA polymerase activity, suggesting a role for TnT3 in regulating transcription. Functionally, overexpression of TnT3 fragments produced significant defects in nuclear shape and caused high levels of apoptosis. Interestingly, nuclear TnT3 and its fragments were highly regulated by aging, thus creating a possible link between the deleterious effects of TnT3 and sarcopenia. We propose that changes in nuclear TnT3 and its fragments cause the number of myonuclei to decrease with age, contributing to muscle damage and wasting.
Introduction
The thin filament regulatory proteins troponin (Tn) and tropomyosin (Tm) are essential for contraction of striated muscle (skeletal and cardiac), which is regulated by the concentration of intracellular calcium (Tobacman 1996; Gordon et al. 2000; Szczesna and subunits: calcium-binding troponin C (TnC), inhibitory troponin I (TnI), and Tm-binding troponin T (TnT). Muscle fiber depolarization leads to sarcoplasmic reticulum calcium release and contraction (Jimenez-Moreno et al. 2008 . Calcium binds to TnC, causing conformational changes in the Tn complex, exposing binding sites for myosin on the actin filaments, and initiating interaction between myosin and actin, with consequent muscle contraction (Geeves and Holmes 1999) .
Vertebrates have various TnT isoforms: cardiac TnT1, slow skeletal muscle TnT2, and fast skeletal muscle TnT3, with variable sizes (233-305 amino acids) and charges resulting from multiple regulatory mechanisms, including alternative RNA splicing and posttranslational modifications. The TnT NH2-terminal region is hypervariable in contrast to the COOH-terminal and middle regions, which are highly conserved across species . Functionally, the NH2-terminal region of TnT does not bind any known myofilament proteins and can be selectively removed during cardiac ischemia reperfusion through calpain cleavage (Zhang et al. 2006) . In contrast, the COOH-terminal and middle regions of TnT carry the binding sites for TnI, TnC, and Tm (Perry 1998) and play a central role, activating actomyosin even when the NH2-terminal variable region is deleted (Pan et al. 1991) . Therefore, the COOH-terminal and middle regions are the core TnT domain, making TnT the key mediator of the Tn complex self-organization and interaction with the muscle thin filament (Tobacman 1996; Perry 1998) .
Still, evolutionarily and developmentally, the hypervariable N-terminus of TnT seems to be required for the fine functional regulation of the core domain of each TnT isoform. The NH2-terminal structure modulates TnT conformation and middle and C-terminal region interaction with other thin filament proteins (Ogut and Jin 1996; Wang and Jin 1998; Biesiadecki et al. 2007; Jin and Root 2000) . Deletion of the N-terminal variable region of cardiac TnT increases heart efficiency (Zhang et al. 2006; Feng et al. 2008) . TnT N-terminal variation alters thin filament Ca 2+ sensitivity and force production (Reiser et al. 1992; Gomes et al. 2002; Biesiadecki and Jin 2002; Chandra et al. 1999) , and the negative charges of the N-terminal region determine the overall TnT charge (Wang and Jin 1997) , while the TnT N-terminal acidic residues provide binding capacity for Ca 2+ (Zhang et al. 2004 ).
Age-related loss of muscle mass, muscle function, and muscle quality, termed sarcopenia (Zinna and Yarasheski 2003) , is characterized by muscle weakness Alway 2003, 2006; Onambele et al. 2006; Morse et al. 2004 Morse et al. , 2005 Klitgaard et al. 1990; Larsson 1978; Larsson and Ansved 1995) , reduced maximal shortening velocity, and slow contraction and relaxation (Klitgaard et al. 1990; Larsson 1978; Larsson and Ansved 1995; Narici and Maganaris 2006) with a consequent decrease in force-generating capacity (Barbieri et al. 2003; Brooks and Faulkner 1991; Runge et al. 2004; Gonzalez and Delbono 2001; Gonzalez et al. 2000 ; for a review see, Delbono 2011) . Sedentary lifestyle and reduced levels and/or responsiveness to trophic hormones and factors contribute to muscle atrophy (Thomas 2010) . In addition, agerelated decrease in muscle mass has been associated with myonuclei loss Buford et al. 2010) , fewer stem cells, and diminished regenerative capacity (Snijders et al. 2009; Carlson and Conboy 2007; Day et al. 2010; Shefer et al. 2010) . Loss in fiber type II (Larsson 1978; Tomlinson et al. 1973 ) and fewer satellite cells (Verdijk et al. 2007 ) also contribute to the predominant atrophy of fast-twitch fibers with aging. A rigorous analysis of the involvement of Tn isoforms in muscle fiber atrophy is needed.
Whether Tn plays another role than the classically described regulation of striated muscle contraction is unknown. Here, for the first time, we show that fast skeletal muscle TnT3 and its fragments translocate into the skeletal myofiber nuclei in vivo. We further characterized their subnuclear localization, proved that they are closely related to the nucleolus and RNA polymerase activity, and examined changes in fulllength TnT3 and TnT COOH-terminal fragment myonuclei expression with aging. Finally, we examined the cytotoxicity of TnT3 fragments. We propose that nuclear TnT3 and its fragments cause myonuclear decrease in aging muscle and mediate muscle damage and disease. TnT3 may prove an effective therapeutic target to improve muscle quality in health and disease.
Methods

Cell culture and transfection
The mouse skeletal muscle cell line C2C12 was cultured as described previously (Zhang et al. 2009 ).
Only undifferentiated C2C12 myoblasts, which do not exhibit endogenous myofilaments, were used for transient exogenous protein expression. Briefly, undifferentiated C2C12 myoblasts were plated on tissue culture dishes or glass coverslips coated with 0.5% gelatin in growth medium consisting of Dulbecco's modified Eagle medium (1 g/l glucose), containing 10% FBS (Atlanta Biologicals, Atlanta, GA, USA) and 2 mM Glutamax (Invitrogen, Carlsbad, CA, USA). The mouse NIH3T3 fibroblasts were cultured in the same medium used for C2C12. Lipofactamine 2000 (Invitrogen) was used for cell transfection.
TnT3 cDNA construct and primers
The full-length cDNA of TnT3 was amplified by PCR using a TnT3 cDNA fragment subcloned in the pGADT7 vector as a template (obtained from a Yeast Two Hybrid assay from our lab, unpublished data) and into the NH2-terminal region of pDsRed2-N1 vector (Clontech, Mountain View, CA, USA) between HindIII and SacII restriction enzyme digestion sites. The other three TnT3 fragments encoding cDNA were further cloned by PCR using the same strategy. Primer sequences are listed in Fig. S1 . Sequencing confirmed all constructs (DNA sequencing laboratory, Wake Forest University School of Medicine [WFUSM] ).
Transcription inhibition
Three hours before fixation, C2C12 cells transfected with different TnT3/DsRed constructs were treated with 0.05 or 20 μg/ml actinomycin D (ActD) (Sigma-Aldrich, St. Louis, MO, USA) to inhibit RNA polymerase I (Pol I) or Pol I and polymerase II (Pol II), respectively (Dousset et al. 2000; Pinol-Roma and Dreyfuss 1992) or treated with 25 μg/ml 5,6-dichlorobenimidazole ribose (DRB) (Sigma-Aldrich) to inhibit RNA Pol II specifically (van Koningsbruggen et al. 2004 ).
RNA extraction, reverse transcription, and qPCR Total RNA was extracted from young and old mouse flexor digitorum brevis (FDB) muscles using Trizol reagent (Invitrogen) following the user manual. Gene expression was analyzed by quantitative real-time PCR (qPCR) using Stratagene Mx3000 (Stratagene, La Jolla, CA, USA). qPCR master mix and TaqMan primer/probes for TnT3 and GAPDH genes were purchased from Applied Biosystems (Foster City, CA, USA). To determine TnT3 or GAPDH tissue expression levels, 10 ng of total RNA was added to the PCR reaction tube with a mixture of qPCR master mix, Taqman primer/probes, superscript III reverse transcriptase (Invitrogen), and RNAse inhibitor (Promega, Fitchburg, WI, USA) in a total reaction volume of 25 μl. The PCR parameters were 48°C, 45 min×1 cycle; 95°C, 10 min×1 cycle; 95°C, 15 s, and 60°C, 1 min×40 cycles.
Animal and tissue lysates
Tibialis anterior (TA) muscles were dissected from 3-to 28-month-old FVB (Friend Virus B, our colony) mice, which have been used as a model of aging skeletal muscle in our laboratory (Renganathan et al. 1998; Payne et al. 2004 ). Animals were housed at WFUSM and killed by cervical dislocation. Handling and procedures were approved by the WFUSM Animal Care and Use Committee.
To extract cytosolic and nuclear protein fractions from the mouse TA, we used a procedure reported before (Siu et al. 2006) as shown in Fig. S2 . In brief, 50 mg of muscle was ground in liquid nitrogen and homogenized on ice in 1 ml lysis buffer (10 mM NaCl, 1.5 mM MgCl 2 , 20 mM HEPES, pH 7.4, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol) supplemented with a protease inhibitor cocktail (Roche, Indianapolis, IN, USA). Then the samples were filtered through a 40-μm cell strainer (BD Biosciences, Bedford, MA, USA) to remove tissue debris and centrifuged (Heraeus' Biofuge Fresco, Thermo Fisher Scientific, Pittsburgh, PA, USA) at 5,000 rpm for 5 min at 4°C to pellet the nuclei and cell debris. Supernatants were collected and centrifuged three more times at 6,000 rpm for 5 min at 4°C to remove residual nuclei. The final collected supernatants were stored as nuclei-free total cytosolic protein fractions. The remaining pellet was resuspended in 360 μl of lysis buffer in the presence of 49.8 μl of 5 M NaCl and protease inhibitor cocktail and rotated for 2 h at 4°C to release soluble nuclear protein.
Following a spin at 13,000 rpm for 15 min at 4°C, the supernatants were collected and stored as cytosolic-free nuclear protein fractions. The final pellet, mainly containing the myofibrillar proteins and insoluble nuclear matrix, was resuspended in Laemmli SDS-PAGE sample buffer containing 2% SDS. Protein concentration was determined by Bio-Rad DC assay (Hercules, CA, USA). For immunoblots, 10 μg protein from each preparation was used.
To prepare whole tissue lysates, muscles were homogenized in Laemmli SDS-PAGE sample buffer containing 2% SDS and heated at 95°C for 5 min. Insoluble material was removed by centrifugation, and the soluble supernatants saved as whole cell lysis.
Muscle electroporation and single intact fiber preparation Two mouse strains, C57B16 and FVB, were used for intramuscular plasmid injection and electroporation according to DiFranco et al. (2006) . Briefly, FDB muscles were injected with 5 μl of 2 mg/ml hyaluronidase and injected 1 h later with 20 μg DsRedconjugated TnT3 cDNAs or control DsRed cDNA. Ten minutes later, two sterile, gold-plated acupuncture needles were placed under the skin on adjacent sides of the muscle. Twenty 100 V/cm, 20-ms square-wave pulses of 1-Hz frequency were applied to the muscle for 1 s each using a Grass stimulator (Grass S48; W. Warwick, RI, USA).
The technique for single intact fiber dissection followed the procedures previously described (Gonzalez et al. 2000; Lannergren and Westerblad 1987; Birbrair et al. 2011) . After isolation, suspended fibers were pelleted for 20 min and fixed with 4% paraformaldehyde (15 min at room temperature), then stained with Hoechst 33342 and mounted for microscopic analysis.
Microscopy and image analysis
Cells cultured on coverslips were fixed with 4% paraformaldehyde (15 min at room temperature), and the cell membrane was permeabilized for 5 min at room temperature with 0.5% Triton X-100 in PBS buffer after fixation. After three washes with PBS, cells were incubated for 1 h at room temperature in blocking buffer (PBS with 10% normal goat serum [Sigma] ) and labeled at room temperature with primary and secondary antibodies for 2 and 1 h, respectively. Cells were counterstained with Hoechst 33342 (Invitrogen) and mounted in DAKO fluorescent mounting medium (DAKO, Carpinteria, CA, USA).
Widefield immunofluorescence images were taken on an inverted motorized fluorescent microscope (Olympus, IX81, Tokyo, Japan), and an Orca-R2 Hamamatsu CCD camera (Hamamatsu, Japan) was used to acquire images. Camera driver and image acquisition were controlled with a MetaMorph Imaging System (Olympus). Digital image files were transferred to Photoshop 7.0 to assemble montages. Images are representative examples from three independent experiments. Annexin V and 7-AAD staining and flow cytometry The C2C12 or NIH3T3 cells were transfected with different constructs (TnFL/DsRed, TnNT/DsRed, TnM/DsRed, TnCT/DsRed, and DsRed) ( Fig. S1 ), cultured for 48 h, and stained with FITC Annexin V and 7-amino actinomycin D (7-AAD) (BD Bioscience, San Jose, CA, USA), following the manufacturer's protocol. Briefly, the cells were harvested by trypsinization, washed twice with PBS, and stained with 2.5 μg/ml FITC Annexin V and 7-AAD in 1× binding buffer (10 mM HEPES (pH 7.4), 140 mM NaCl, 2.5 mM CaCl 2 ) at room temperature for 15 min. This method allows us to discriminate viable (AnnexinV−/7-AAD−), apoptotic (Annexin V+/7-AAD−), and necrotic (Annexin V+/7-AAD+; Annexin V−/7-AAD+) cells. Flow cytometry analysis was carried out using a FACSCalibur flow cytometer (FACScan; Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). The samples were acquired immediately after staining, and the value in the dot plot indicates the percent of each gated region that fell into the quadrant. DsRed fluorescence was detected with the FL2 channel, Annexin V FITC fluorescence with the FL1 channel, and 7-AAD fluorescence with the FL3 channel. Background fluorescence of (1) unstained nontransfected cells, (2) nontransfected cells stained for FITC Annexin Vor 7-AAD, and (3) transfected DsRed-positive cells was used to set up gates, photomultiplier tube voltages, and amperage gain for each channel. The gate was set up to quantify only the transfected DsRed-positive cells for 7-AAD and Annexin V staining. Data were collected on at least 100,000 freshly stained cells and analyzed using CellQuest software (BD).
Electrophoresis and immunoblotting SDS-PAGE was conducted using a 4.5% stacking gel with a 10% resolving gel in a Mini-Protean gel system (BioRad Laboratories, Hemel-Hemptstead, Herts, UK) as described (Taylor et al. 2009 ). Gels were transferred to PVDF membranes (Amersham Health, Little Chalfont, Buckinghamshire, UK) and held overnight at 4°C. Blots were blocked in 5% nonfat dry milk with 0.1% Tween in TBS for primary antibody incubation. Horseradish peroxidase-conjugated secondary antibodies were used at a 1:5,000 dilution at room temperature for 1 h. Band intensity was measured using the Kodak Gel Doc imaging system (Carestream Health, Inc, Rochester, NY, USA). Peroxidase activity was revealed with the Amersham ECL plus western blot detection reagents (GE Healthcare, Piscataway, NJ, USA). Data are representative of three independent experiments.
Reagents and antibodies
Rabbit anti-TnT3 polyclonal antibody was purchased from Aviva Systems Biology (San Diego, CA, USA), mouse anti-TnT3 monoclonal antibody from NOVUS Biologicals (Littleton, CO, USA), rabbit anti-histone H3 from Cell Signaling Technology (Beverly, MA, USA), mouse anti-myosin heavy chain (MHC) MF20 from Developmental Studies Hybridoma Bank (University of Iowa), mouse anti-α-tubulin from Sigma, mouse anti-actin from Millipore (Billerica, MA, USA), mouse anti-fibrillarin from Abcam (Cambridge, MA, USA), mouse anti-PRA194 (C-1) monoclonal antibody from Santa Cruz (Santa Cruz, CA, USA), and mouse anti-RNA polymerase II 8GW16 monoclonal antibody from Covance (Emeryville, CA, USA).
Alexa 488-or 568-conjugated anti-mouse or anti-rabbit IgG was purchased from Invitrogen. NA931V goat anti-mouse (Amersham Health) was used as a secondary antibody for immunoblotting.
Statistical analysis
All graphs and statistical analyses were made with Prism 5.0a (GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as means±D. The unpaired Student'st test was used to compare experimental groups.
Results
TnT3 is located in the myofiber nucleus and cytoplasm
Western blot analysis of total (W), nuclear (N), myofibrillar (F), and cytoplasmic (C) extracts of untransfected mouse TA muscles showed that endogenous TnT3 localizes mainly in the myofibrillar pool. However, a small fraction localized in the nucleus (Fig. 1a) . To verify the purity of the fractions, we looked for α-tubulin as a cytoplasmic marker and MHC as a myofibrillar marker. We detected α-tubulin predominantly in the total and cytoplasmic fractions and MHC only in the total and myofibrillar fractions, with the strongest bands in the myofibrillar pool. Histone H3 was consistently in both the total and nuclear fractions but not the cytoplasmic pool. H3 was also detected in the myofibrillar pool, indicating that a fraction of the nuclear proteins was not completely released (Fig. 1a) .
Subcellular localization of TnT3/DsRed fusion constructs in mouse C2C12 myoblasts
To investigate the subnuclear localization of TnT3 and its fragments and to determine the domain that contains the nuclear localization signal, we conjugated DsRed with intact TnT3 or each of its three fragments, representing the NH2-terminal variable region, the middle, conserved region, and the COOH-terminal conserved region (Figs. 1b and S1 ). All constructs were overexpressed in the mouse C2C12 myoblasts, and their distribution pattern was compared with control DsRed protein (Fig. 1c) . Surprisingly, both the TnFL/DsRed and the TnCT/DsRed showed sharp, punctate nuclear localization, while TnCT/DsRed also showed diffuse distribution in the nucleoplasm. In contrast, both TnNT/DsRed and TnM/DsRed, similar to control DsRed protein, showed diffuse localization throughout the cytoplasm and nucleus. Note that the TnM/DsRed construct may have been distributed along the stress fibers in the cytosolic area. Similar subcellular localization patterns for all of these constructs were observed in NIH3T3 and COS7 cell lines (data not shown). GFP NH2-terminal-tagged, fulllength TnT3 exhibited similar subcellular localization in C2C12 cells (Fig. S3 ). These data indicate that TnT3 is mainly localized in the nucleus when overexpressed in cells in the absence of myofilaments, and the nuclear localization signal resides in the TnT3 COOH-terminal region.
Nuclear TnT3 associates with dense nucleolar structures
To further examine the subnuclear localization of TnT3, we performed immunofluorescence staining using an antibody against the nucleolar protein fibrillarin, a dense nucleolar marker. TnCT/DsRed colocalized with fibrillarin in large puncta, while TnFL/ DsRed was surrounded mainly with fibrillarin "caps" (Fig. 2a) . TnNT/DsRed, TnM, and control DsRed did not have any effect on the fibrillarin staining pattern (data not shown). The NH2-terminal region of TnT3 seems to affect TnCT's subnuclear localization or its relationship with fibrillarin.
Since fibrillarin-depleted cells showed abnormal nuclear morphology (Amin et al. 2007 ), we used reported parameters to analyze the effects of TnT constructs on nuclear morphology and found that TnFL/DsRed and TnCT/DsRed, which both show close spatial association with fibrillarin, had the strongest effects on changes from normal (round or ellipse with smooth edge) to abnormal (indented, curved with uneven edge) when transiently overexpressed in C2C12 cells (Fig. 2b) .
TnT3 is associated with RNA polymerase I and II and their related transcription activity The nucleoli are the major nuclear structures where RNA polymerase I synthesizes ribosomal RNA (Sirri et al. 2008) . We further stained C2C12 cells transfected with TnT3 constructs with either RNA Pol I antibody (PRA194(C-1)) or RNA Pol II antibody (8WG16). Pol I staining co-localized with both TnFL/DsRed and TnCT/DsRed in the nucleolar area, but interestingly, only TnFL/DsRed recruited Pol II, which normally localizes in the nucleoplasm, to the nucleolar area. As a control, TnNT/DsRed did not Fig. 1 Troponin T3 is localized in the muscle nucleus. Whole cell lysis protein extract (W), cytosolic (C), myofibrillar (F), and nuclear (N) pools were prepared from the TA muscle. a A 35-kDa band showed that full-length TnT3 (TnFL) was most abundant in the myofibrillar pool and the whole cell lysate. A small portion was present in the nuclear pool. Histone H3 was used as a nuclear marker and detected in the nuclear pool and the whole cell lysis and the myofibrillar pool. Consistently, tubulin was mainly detected in the whole cell lysis and the cytosolic pool. b Schematic drawings of different TnT3 cDNA constructs with DsRed conjugation to the C-terminus. c Immunofluorescence images of various TnT3/DsRed proteins transiently expressed in the C2C12 cells. TnNT/DsRed, TnM/DsRed, and control DsRed are distributed throughout the cell. A distribution along the stress fibers was also noticed for TnM/DsRed. In contrast, TnCT/DsRed and TnFL/DsRed are mainly found in the nucleus and showed a punctate distribution pattern. Scale bar, 20 μm Fig. 2 Transiently overexpressed TnFL/DsRed or TnCT/DsRed co-localized with fibrillarin and affected C2C12 nuclear morphology. TnT3/DsRed constructs were transiently expressed in C2C12 in growth medium for 2 days. Cells were then fixed, immunostained with fibrillarin antibody (nucleolar marker), Hoechst 33342, and examined by immunofluorescence microscopy. a Both TnFL/DsRed and TnCT/DsRed localized in the nucleolar area, yet TnFL/ DsRed gathered fibrillarin around it and formed the nucleolar "cap" (arrows). TnCT/DsRed both co-localized with fibrillarin puncta and exhibited a diffuse nucleoplasmic distribution (arrow heads). In contrast, TnNT/DsRed showed no obvious effect on fibrillarin distribution (arrow heads). Data shown are representative of two independent experiments. b TnFL/DsRed and TnCT/DsRed were the only two constructs found in the nucleus, which changed from smooth and round or elliptic to irregular. In contrast, TnNT/DsRed showed the least effect on nuclear morphology, like control DsRed (arrows indicating nuclei from red fluorescence-positive cells). Scale bars, 25 μm. The graph quantifies the nuclei with irregular morphology for TnFL/ DsRed-, TnCT/DsRed-, TnNT/DsRed-, and DsRedtransfected cells. The number of irregular nuclei is greater in TnFL/DsRed-and TnCT/DsRed-than TnNT/DsRed-and control DsRed-transfected cells (***P≤0.001, n03; **P< 0.01, n03) affect either Pol I or Pol II subnuclear localization (Fig. 3) .
To study the role of TnT3 in RNA processing, we performed transcription inhibition experiments in C2C12 cells transfected with TnFL/DsRed or TnCT/ DsRed. A low ActD concentration (0.05 μg/ml), which specifically inhibits Pol I, resulted in TnFL/ DsRed redistribution into the nucleoplasm, while nucleoplasmic TnCT/DsRed disappeared, leaving only nucleolar puncta (Fig. 4a) . The Pol II-specific inhibitor . Unlike TnFL/DsRed, which showed mainly punctate nuclear distribution, TnCT/DsRed co-localized with Pol I in puncta and exhibited an additional diffused nucleoplasmic distribution. In contrast, TnNT/DsRed did not show any effect on RNA Pol I distribution. Data are representative of two independent experiments, and the numbers of cells analyzed are 94, 114, and 178 for TnFL/DsRed-, TnCT/DsRed-, and TnNT/DsRedtransfected cells, respectively. b TnFL/DsRed had a much stronger effect on Pol II enrichment in the nucleolar area (arrow heads). In contrast, most TnCT/DsRed or TnNT/DsRed showed no Pol II in the nucleolar area (arrows). Data are representative of two independent experiments, and the numbers of cells analyzed are 116, 110, and 175 for TnFL/DsRed-, TnCT/ DsRed-, and TnNT/DsRed-transfected cells, respectively. Scale bars, 25 μm DRB (25 μg/ml) showed effects mainly on TnCT/ DsRed redistribution (Fig. 4b) . When both Pol I and Pol II were inhibited with a higher ActD concentration (20 μg/ml), fibrillarin puncta disappeared almost completely and redistributed into the nucleoplasm. As a result, both TnFL/DsRed and TnCT/DsRed were also redistributed into the nucleoplasm (Fig. 4c) . This transcription inhibition experiment and Pol I and/or Pol II co-localization with TnT3 constructs suggest a role for TnT3 in RNA biogenesis.
Subcellular localization of TnT3/DsRed fusion proteins in mouse FDB fibers
To examine whether TnT3/DsRed fusion constructs show subcellular distribution patterns similar to those observed in the C2C12 cells in skeletal muscle fiber in vivo, we performed in vivo electroporation experiments in mouse FDB muscle. As early as 3 days after electroporation, we observed expression of all constructs. When dissected, whole FDB muscles were observed at low magnification (×4 objective), the TnNT/DsRed and control DsRed showed a similar diffuse distribution throughout the muscle, while the TnFL/DsRed, TnM/ DsRed, and TnCT/DsRed showed mainly a punctate distribution in addition to some large patches and diffuse background. The TnFL/DsRed and particularly the TnCT/DsRed construct showed much finer puncta, reflecting possible nuclear localization (Fig. 5a) .
We then dissected single FDB muscle fibers to observe this subnuclear localization in more detail. Isolated fibers were stained with Hoechst 33342 to label DNA, which allowed us to follow the nuclear localization of various TnT3/DsRed constructs (Fig. 5b) . At high magnification (×40 objective), TnFL/DsRed and TnCT/DsRed localized in some myonuclei. Notably, TnFL/DsRed localized mainly between the strongest DNA-stained puncta (heterochromatin), while TnCT/ DsRed mainly co-localized with the DNA stain. Also, TnFL/DsRed showed a striated pattern throughout the fiber, where fluorescence was dimmer than in the nucleus. In contrast, TnCT/DsRed localized only in the myonuclei (Figs. 5b and S4 ).
TnNT/DsRed was also expressed throughout the fiber, including the myonuclei, yet the myonuclear DNA staining pattern was not affected. TnM/DsRed mainly localized in the cytoplasm and showed a punctate striation pattern, reflecting its binding to the myofiber thin filaments. Like TnNT/DsRed, control DsRed expression was distributed throughout the fiber (Fig. S5) .
Endogenous TnT3 and its fragments change expression pattern with aging
To examine age-related changes in endogenous TnT3 expression and nuclear localization, we collected the 05 μg/ml ActD for 3 h did not seem to affect fibrillarin distribution, yet TnFL/ DsRed was dispersed into the nucleoplasm. In contrast, TnCT/ DsRed remained punctate and co-localized with some fibrillarin puncta. Notably, the weak diffusive distribution of TnCT/DsRed in the nucleoplasm disappeared. b When only RNA Pol II was inhibited with 25 μg/ml DRB for 3 h, fibrillarin adopted a large punctate pattern in both TnFL/DsRed-and TnCT/DsRedtransfected cells. In contrast, TnCT/DsRed showed a diffuse nucleoplasmic distribution while TnFL/DsRed remained mainly punctate. c RNA Pol I and Pol II inhibition by 20 μg/ml ActD for 3 h resulted in diffuse fibrillarin dispersion into the nucleoplasm. Consistently, both TnFL/DsRed and TnCT/DsRed showed mainly a diffuse nuclear distribution pattern. Data are representative of two independent experiments, and at least 50 cells were analyzed per group. Scale bars, 25 μm whole cell lysis as well as the nuclear fractions from young (3-month) and old (26-28-month) FVB mouse TA muscle for immunoblotting. We found slightly decreased TnFL expression in the old compared to the young group (Fig. 6a, b) . Consistently, TnT3 mRNA also decreased slightly with aging, as measured by quantitative real-time PCR (Fig. 6c) . Whole cell lysis and nuclear fractions from young and old mice were further analyzed by immunobloting with TnT3, α-tubulin, and pan-actin antibodies. As expected, α-tubulin was found mainly in the whole cell lysis pool, while actin was in both fractions. Interestingly, besides full-length TnT3 (TnFL, 35 kDa), two smaller bands of 18 and 13 kDa were detected in the nuclear fractions. These bands were specific to NH2-terminal and the COOH-terminal epitope-targeted antibodies, respectively, and thus likely represent endogenous NH2-terminal and COOH-terminal fragments of full-length TnT3 (Fig. 6d, e) .
We compared the age groups for the relative amount (normalized to actin) of TnNT, TnCT, and TnFL in the nuclear extracts. While TnNT did not differ, TnCT was 50% greater while TnFL was dramatically decreased in the old group (P<0.05, n03) (Fig. 6d, f) . The nuclear ratio between TnNT or TnCT Control DsRed and TnNT/DsRed were expressed evenly throughout the muscle. In contrast, TnFL/DsRed, TnM/DsRed, and TnCT/DsRed showed a punctate distribution. b Higher magnification imaging analysis of individual myofibers showed that both TnFL/DsRed and TnCT/DsRed localized in some myonuclei. Additionally, TnFL/DsRed showed weak striated pattern. Notably, these two constructs localized at different subnuclear domains as revealed by their different colocalization pattern with Hoechst 33342 DNA staining. TnNT/ DsRed also expressed in the myonuclei, but the myonuclear DNA staining pattern was not affected. TnM/DsRed mainly localized in the cytoplasm as small puncta, while most of it was highly ordered and reflects binding to myofibrils. Arrows point to nuclei in red fluorescence-positive areas. Scale bars, 800 μm (a), 50 μm (b). Fibers are representative of at least 200 fibers in each group from 2 to 13 experiments (DsRed, n03; TnFL/DsRed, n 05; TnNT/DsRed, n 06; TnM/DsRed, n 02; TnCT/DsRed, n013) and TnFL increased significantly in the old group (P00.012 and P<0.001, respectively, n03) (Fig. 6d, g ).
Expression of TnT3/DsRed proteins in mouse skeletal muscle in vivo affects myonuclear morphology and DNA staining pattern As TnFL/DsRed and TnCT/DsRed affect the shape of C2C12 nuclei and associate with condensed DNA in myonuclei differentially, we compared and quantified their effects on myonuclear shape and DNA staining pattern in muscle fibers electroporated in vivo. TnFL/ DsRed-expressing fibers from young mice exhibited irregular nuclei 1 week after electroporation but showed no co-localization with the strongest DNA puncta. In contrast, myonuclei in TnCT/ DsRed-transfected fibers were indented and fractured, and the DNA staining more diffuse than in untransfected Fig. 6 Western blot analysis of TnT3 and its fragments in young (3-month) and old (26-28-month) FVB mouse skeletal muscle. a TnT3 in TA whole muscle lysate, detected by a C-terminaltargeting antibody, shows decreased TnFL in old (O) compared to young (Y) mice. b TnFL expression was normalized to actin. c qPCR showing a slight decrease in TnT3, normalized to GADPH, mRNA in old (n05) compared to young (n06) mice. d Whole cell lysis (W) and nuclear protein fractions (N) from young and old mice were analyzed using TnT3 NT and CT antibodies. (e) The specific TnT3 N-and C-terminal regions targeted by the antibodies. f Normalized (against actin) TnNT, TnCT, and TnFL in the nuclear extracts were compared between young and old groups. TnCT tended to increase in the old nuclear extracts, and TnFL decreased dramatically (*P< 0.05, n03). TnNT did not change significantly. g The nuclear ratio between TnNT or TnCT and TnFL in both age groups was compared (**P00.012; ***P<0.001, n03) neighboring myonuclei. As a control, TnNT/DsRed affected neither myonuclear shape nor the DNA staining pattern (Fig. 7a) . Based on our finding that the endogenous nuclear fraction of TnFL decreased dramatically with aging, while TnCT increased, we compared the effect of TnCT/DsRed on the myonuclei from young and old mice. TnCT/DsRed-transfected fibers from old mice showed elongated, broken myonuclei, with a general loss of condensed DNA staining (heterochromatin) (Fig. 7b) . The effect of TnCT/ DsRed on nuclei shape and DNA pattern was greater in old fibers than young fibers (Fig. 7c) .
Overexpressing TnT3/DsRed fusion proteins results in apoptosis
To verify whether TnT3 constructs had toxic effects, we performed Annexin V and 7-AAD staining to detect early and late apoptotic cells (Gil et al. 2011 ). The flow cytometry data (Fig. 8) demonstrate that TnNT/DsRed did not increase early or late apoptosis in the DsRedpositive cells compared to DsRed-transfected control cells. However, early and late apoptosis increased dramatically in cells expressing TnFL/DsRed or TnCT/ DsRed. TnM/DsRed also showed a weaker toxic effect than TnFL/DsRed or TnCT/DsRed cells. The strong cell toxicity of both TnFL/DsRed and TnCT/DsRed was also confirmed using the same flow cytometry assay to test the NIH3T3 fibroblast cultures (Fig. S6 ).
Discussion
TnT is well known to mediate the interaction between the Tn complex and Tm, which is essential for the contraction of calcium-activated striated muscle (Perry 1998 ). This regulatory function takes place in the myoplasm, where TnT binds Tm. Recent studies support alternative roles for TnI. During Drosophila development, TnI and Tm were found in the nucleus and to regulate chromosomal integrity (Sahota et al. 2009 ). Additionally, fast skeletal muscle TnI may also localize in the mammalian cell nucleus and work as a co-activator of the nuclear receptor-estrogen receptor-related alpha (Li et al. 2008) .
Here, we report the novel finding that TnTspecifically, fast skeletal muscle TnT3-localizes in the nucleus of myofibers as an intact or fragmented protein. The relationship with nucleolar structures and RNA polymerases implies a role for TnT3 in RNA transcription regulation. Their cytotoxic effects, their relative abundance in young and old skeletal muscle myonuclei, and differences between intact TnT3 and the COOH-terminal fragment in subnuclear localization all support the idea that TnT3 plays a surprising and critical role in aging skeletal muscle and justify further studies. Evidence for TnT3 nuclear localization TnFL/DsRed showed a striated distribution in the sarcoplasm and/or the nucleus of mouse FDB myofibers. The competition between expressed and endogenous TnT3 may explain the weak striated pattern. In addition, several lines of evidence support nuclear localization of TnT3. First, in the western blot assay of muscle nuclear protein fractions, two specific antibodies, targeting either the TnT3 NH2-or COOHterminal epitope, detected endogenous TnT3. These antibodies detected two TnT3 fragments with different molecular weights that supposedly contain the domain carrying either the NH2-terminal or COOH-terminal epitope, respectively. Second, overexpressing fulllength TnT3 or fragments with COOH-terminally tagged DsRed showed distinct subcellular localization. Not only did the overexpressed TnT3 localize in the nuclei of undifferentiated C2C12 myoblasts or other non-muscle cells (NIH3T3 fibroblasts) but also in myonuclei in vivo. Similar subcellular localization observed with GFP NH2-terminally tagged to TnT3 in C2C12 cells (Fig. S3 ) deters the possibility that TnT3 nuclear localization is an artifact resulting from the expression of the fusion protein or the tag itself. In addition, truncation analysis indicates that the nuclear localization signal resides in the COOH-terminal region. Third, fibrillarin immunofluorescence staining showed slight differences between the subnuclear localization of full-length TnT3 or its COOH-terminal fragment and that of the nucleolus, consistent with reports that the NH2-terminal region may affect the COOH-terminal region's function (Wei and Jin 2011) or protein conformation. The fusion TnT3 protein had much higher level in the nucleus than that incorporated into the myofibrils; therefore, the structural manipulation might have altered the functional behavior of TnT3. This observation may implicate that misfolded or damaged TnT3 would have increased tendency to translocate to the nucleus. Although we have not tested the hypothesis that the COOH-terminal region meditates TnT3 nuclear translocation through interaction with TnI and Tm, they have been reported in the nucleus (Li et al. 2008; Sahota et al. 2009 ). Conversely, TnT may regulate TnI and Tm nuclear translocation. Considering the high degree of conservation in this region across species , future work should determine the nuclear localization signal for other TnT isoforms.
TnT3 subnuclear localization and myonuclear apoptosis and/or dysfunction Effects on cell apoptosis vary among the TnT3 regions when expressed in C2C12 myoblasts or NIH3T3 fibroblasts, consistent with a recent finding from the Jin group on cytotoxicity of the non-myofilamentassociated TnT fragments, including the NH2-terminal variable region from human cardiac TnT and the highly conserved middle and COOHterminal regions from the mouse slow TnT (Jeong et al. 2009 ). We generated a TnT3 fragment with a molecular weight similar to that detected by the TnT3 COOH-terminal epitope antibody by subcloning the last 85 amino acids of the COOH-terminal region. Although our COOH-terminal region is 25 amino acids shorter and the middle region 13 amino acids shorter than that studied by the Jin group, sequence comparison indicated that the middle and COOH-terminal regions we chose are highly conserved among TnT isoforms, possibly explaining the similar toxicity of these TnT constructs. Our findings confirm that middle and COOH-terminal regions are not only conserved in the peptide sequence but also in their function (apoptosis). Note that the DsRed conjugation enabled us to analyze TnT3 subnuclear localization and to elucidate the mechanism involved in cytotoxicity, which is probably mediated by nuclear translocation and nucleoli targeting.
The nucleolus is a large nuclear domain with a contrasted structure directly involved in ribosome biosynthesis (Sirri et al. 2008 ). Its function is tightly linked to cell growth, proliferation, and other important cell events, including cell cycle regulation, senescence, and stress responses (Visintin and Amon 2000; Guarente 1997; Kennedy et al. 1997; Sherr and Weber 2000; Olson 2004 ). Changes in nucleolar organization are widely thought to represent diagnostic markers for different pathologies (Zimber et al. 2004) . A recent proteomic study identified hundreds of human nucleolar proteins (Andersen et al. 2005) , among them, fibrillarin, which is known to play an important role in pre-rRNA processing during ribosomal biogenesis. Knocking down fibrillarin in mammalian cells has been reported to lead to abnormal nuclear morphology and inhibition of cell proliferation (Amin et al. 2007 ). TnT3/DsRed or TnCT/DsRed transfection alters fibrillarin location, which may lead to abnormal nuclear shape and, consequently, cell toxicity. Nuclear morphology has been shown to influence fundamental aspects of nuclear function, including chromatin remodeling and gene transcription (Dalby et al. 2007; Itano et al. 2003; Lammerding et al. 2004; Thomas et al. 2002) . Changes in myonuclear morphology, including shrinkage, fracture, and fragmentation, indicate cell death. Our flow cytometry results in C2C12 myoblasts, and NIH3T3 fibroblasts further support this link between apoptosis and altered nuclear morphology. Further investigation of TnT3's downstream partners will clarify the mechanism that activates the cell death pathway.
TnT3 nuclear imbalance and muscle aging Myonuclear apoptosis and structural changes related to impaired RNA processing occur during muscle aging as reported for sarcopenia (Malatesta et al. 2009 (Malatesta et al. , 2010 Alway and Siu 2008; Dirks and Leeuwenburgh 2002) . Although apoptotic nuclei have been documented in skeletal myofibers, the precise signaling mechanisms leading to nuclear loss are not fully understood. Sarcopenia-related apoptosis has been shown to be regulated differently in fast-and slow-twitch muscles; type II fast muscle is more affected and exhibits fewer satellite cells (Rice and Blough 2006; Verdijk et al. 2007 ). Our findings on TnT3 nuclear localization and cytotoxicity provide new insight into this preferential type II fast fiber atrophy/loss with aging. TnT3 is a muscle-specific fast isoform, and its expression has been related to the fast myosin isoforms at the single fiber level (Brotto et al. 2006) . Our findings that nuclear TnT3 COOHterminal fragment expression increases with aging and that this fragment has several negative effects to the cell offer a plausible link to sarcopenia.
We have found that the nuclear full-length TnT3 decreases while its fragments increase with aging, thus increasing the ratio between TnT3 fragments, in particular the COOH-terminal fragments. We hypothesize that this imbalance plays a physiological role in muscle nuclei. Muscle electroporation was relatively inefficient in inducing myonuclear expression, so calculating the number of lost nuclei and whether muscle force was affected was difficult. The differential consequences of transfecting full-length TnT3 or the COOH-terminal region construct may be explained by their relationship with the nucleolus and different nucleolar proteins, including fibrillarin and RNA polymerases I and II. RNA Pol I subunits are enriched in the nucleolar FC region, and RNA Pol II activity is largely absent from this area and localizes in the nucleoplasm (Hernandez-Verdun 2006; Boisvert et al. 2007; Sirri et al. 2008) . Our study found TnT3/ DsRed mainly surrounded by the endogenous fibrillarin (similar to Pol I), which formed the "nucleolar cap" structure (Fox and Lamond 2010; Shav-Tal et al. 2005) and recruited endogenous Pol II to the nucleolar area. In contrast, the TnCT/DsRed mainly co-localized with fibrillarin and Pol I, but not Pol II, in the nucleolar area, with some remaining in the nucleoplasm (as Pol I does), where the Pol II is mainly distributed. Transcription inhibition with ActD or DRB demonstrated that TnT3 and the COOH-terminal fragments are associated with RNA transcription activities (van Koningsbruggen et al. 2004 ) and interact with Pol I and Pol II differentially. These differences in subnuclear localization are also reflected by the DNA staining pattern: TnT3/DsRed clearly localizes between the condensed heterochromatin DNA stain, while TnCT/ DsRed showed less sharp staining (Figs. 5b and 7a) . Theoretically, therefore, the fragments function differently, considering that most subnuclear bodies, including Cajal and PML bodies and nuclear speckles, reside in the interchromatin space (Lamond and Spector 2003) . With the reported modifying effects of the TnT NH2-terminal region on middle and COOHterminal region functions (Wei and Jin 2011) , further identification of nuclear partners that may bind to fulllength TnT3 or the COOH-terminal region will elucidate their functional differences.
In conclusion, fast skeletal muscle TnT3 is localized in the nucleus and is found predominantly at full length in the young, while its fragments predominate in the old, which may lead to aging-related myonuclear death or dysfunction. In addition to its potential clinical use as a diagnostic marker of muscle damage, TnT may be a therapeutic target to prevent muscle aging and damage. In either case, blocking TnT fragmentation and/or nuclear translocation will be considered in future work focusing on the regulatory mechanism of TnT3 fragmentation and the role of the proteasescalpains and caspases, both reported to cleave different TnTs (Dargelos et al. 2007 (Dargelos et al. , 2008 Wei and Jin 2011) . Since the COOH-terminal region is highly conserved among isoforms and across species, further work should also compare the cardiac and slow muscle isoforms.
